1. Introduction {#sec1}
===============

Clathrin mediated endocytosis is one process known to take up extracellular, nanosized, materials through membrane invaginations that rely on the recruitment of clathrin from the cytoplasm to the membrane \[[@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6]\]. This endocytic pathway then involves the formation of intracellular vesicles that transform into various endocytic compartments [@bib7]. There are a series of maturation and fusion steps that are hypothesized to occur as the endosomes transform from early to late endosomes and then to lysosomes [@bib8]. Two models have been proposed; the vesicle shuttle model and the maturation model \[[@bib9], [@bib10]\]. The vesicle shuttle *model* proposes that the endosomes are of fixed size, location, and morphology and transport of cargo occurs by smaller vesicles transporting the cargo between the endosomes. In this model specific endosomal markers could be uniquely associated with a particular endosome compartment. The maturation model proposes that the endosomes and their contents remain together as the endosomes undergo maturation and subsequent fusion with the lysosome. In this model, intracellular protein markers for the various endosomes could co-exist during the maturation and fusion process. The latter model appears to be the most commonly supported by evidence to date \[[@bib11], [@bib12], [@bib13], [@bib14], [@bib15]\], but more specific, direct evidence for the simultaneous presence of two or more markers on the same endosomes is missing.

The Rab-GTPase (Rab) family of proteins are associated with intracellular membrane trafficking and Rab proteins have been identified to localize to specific domains on endocytic compartments \[[@bib16], [@bib17]\]. These specific Rab proteins are therefore referred to as *markers* for early and late endosomes. In particular, Rab5 is used as a marker for early endosomes \[[@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23]\] and Rab7 is used as a marker for late endosomes \[[@bib24], [@bib25], [@bib26], [@bib27], [@bib28]\]. No Rab proteins have been identified to localize specifically to the lysosome, however the lysosomal associated membrane protein (LAMP-1) is known as a marker for the lysosomes \[[@bib29], [@bib30], [@bib31], [@bib32], [@bib33]\]. In this work, we used antibodies against Rab5, Rab7, and LAMP-1 to study their distribution and possible co-localization within the cell.

Fluorescence microscopy has been used to *visualize* the co-localization of cargo with intracellular proteins and membranes \[[@bib14], [@bib34], [@bib35]\]. In addition, it has also been used to determine the distribution of various endocytic organelles based on association of Rab proteins with intracellular membranes [@bib36], the dynamics of clathrin recruitment to the cell membrane \[[@bib37], [@bib38]\], the dynamics of adapter protein recruitment and removal [@bib39], and the dynamics of dynamin assisted pinching of the invaginated pit \[[@bib40], [@bib41]\]. However, no quantitative studies have been performed to determine the extent of co-localization and clustering of Rab5, Rab7, and LAMP-1 markers in cells.

The purpose of this work was to determine as quantitatively as possible, the density of markers on the endosomes, the size of the endosomes, whether markers for the early endosome (Rab5), the late endosome (Rab7) and the lysosome (LAMP-1) can coexist on the endosomes and whether these observations depend on the type of cell being studied.

2. Methods {#sec2}
==========

Cell culture and sample labelling experiments were done at the National Institute for Nanotechnology (NINT) in Edmonton, Alberta. Fluorescent imaging was done at the Cell Imaging Facility at the Cross Cancer Institute in Edmonton, Alberta.

2.1. Cell culture {#sec2.1}
-----------------

Mouse muscle myoblastoma (C2C12) cells were cultured in Dulbecco\'s modified eagle medium (DMEM), supplemented with 10 % fetal bovine serum (FBS). Human alveolar adenocarcinoma (A549) cells were cultured in Ham\'s F-12 K medium (F-12 K) supplemented with 10 % FBS. The cells were grown in an incubator chamber maintained at 37 °C and with 5 % Carbon Dioxide (CO~2~) atmosphere and were passaged every five days using 0.25 % Trypsin-EDTA. At 80% cell surface confluence, the cells were passaged 1:5 onto 35 mm (mm) glass bottom dishes and maintained in a 37 °C, 5 % CO~2~ incubator for about two days when approximately 60 % cell confluency was reached for experimentation. At this time the media was replaced with 1 mL of fresh media and treated as indicated below.

2.2. Immunofluorescent labelling {#sec2.2}
--------------------------------

Labeling of the various endocytic compartments was accomplished with antibodies specific for Rab5, Rab7, and LAMP-1 protein endocytic markers. The primary antibodies used were monoclonal and originated from three different species (mouse, rabbit, and rat) to avoid potential crosslinking in experiments with multiple labels. Polyclonal secondary antibodies labeled with different fluorescent probes were added to bind with the primary antibodies. The fluorescent probes of the polyclonal antibodies were labelled and identified by the manufacturer as Cy3, Alexa Fluor 488 nm, Alexa Fluor 555 nm, and Alexa Fluor 647 nm.

### 2.2.1. Labeling one endocytic marker {#sec2.2.1}

At 60% cell surface confluency, the cells were exposed to 1 mL of 4 % paraformaldehyde (PFA) at room temperature for 15 min for cell fixation. They were then washed with 1X phosphate buffered saline (PBS) and permeabilized with 1 mL of a 0.3% solution of Triton X-100 detergent in 1X PBS for 15 min at 37 °C. The cells were washed with 1X PBS, and exposed to 100 $\mu$L of a 3 % solution of Bovine Serum Albumin (BSA) in 1X PBS to minimize non-specific intracellular binding of the antibodies.

Next, the cells were washed with 1X PBS and labelled with the primary antibody of interest using 100 $\mu$L of the diluted (1:100) primary antibody solution overnight at 4 degrees Celsius. Finally, cells were washed with 1X PBS and labelled with the diluted (1:400 for Alexa Fluor 647 nm, 1:500 for Cy3, Alexa Fluor 488 nm, and Alexa Fluor 555 nm) secondary antibody for 90 min at room temperature and then washed with 1X PBS for the last time before imaging.

### 2.2.2. Labeling two endocytic markers {#sec2.2.2}

To study the extent of colocalization of two markers, the following three combinations were studied: Rab5 and Rab7 markers; Rab5 and LAMP-1 markers; and Rab7 and LAMP-1 markers.

Pairs of primary and secondary antibodies were carefully selected to avoid potential for cross-reactions. Specifically, we used the following combinations in this sequence; 1) Mouse-Anti Rab5 and Goat Anti-Mouse Cy3 with Rabbit Anti-Rab7 and Goat Anti-Rabbit Alexa Fluor 647, 2) Mouse-Anti Rab5 and Goat Anti-Mouse Cy3 with Rat Anti-LAMP-1 and Goat Anti-Rat Alexa Fluor 647, 3) Rabbit Anti-Rab7 and Goat Anti-Rabbit Alexa Fluor 647 with Rat Anti-LAMP-1 and Goat Anti-Rat Alexa Fluor 555.

Once samples were labelled with one primary and secondary antibody pair as described for one endocytic marker, the cells were washed with 1X PBS at room temperature, and then exposed to the second primary and secondary antibody pair of interest using the same procedure.

### 2.2.3. Labeling three endocytic markers {#sec2.2.3}

To determine the extent of co-localization of all three markers, the cells were labeled with primary and secondary antibody pairs for Rab5, then Rab7, and finally Lamp-1 using Mouse-Anti Rab5 and Goat Anti-Mouse Cy3; Rabbit Anti-Rab7 and Goat Anti-Rabbit Alexa Fluor 647; and Rat Anti-LAMP-1 and Goat Anti-Rat Alexa Fluor 488.

2.3. Image acquisition {#sec2.3}
----------------------

Images of the cells in a sample were obtained with a Carl Zeiss 710 Laser Scanning Confocal Microscope with a 63 × 1.4 Numerical Aperture Oil DIC Plan-Apochromatic lens. ZEN 2011 was the software used to adjust and select parameters for image acquisition.

Lasers used for image acquisition were Argon Ion for Fluorescein Isothiocyanite (FITC) configuration (488 nm excitation of the Alexa Fluor 488 nm probe), Solid State for Cyanine-3 (Cy3) Configuration (561 nm excitation of the Cy3 and Alexa Fluor 555 nm probes), and HeNe for Cyanine-5 (Cy5) Configuration (633 nm excitation of the Alexa Fluor 647 nm probe). Complementary DIC was used for focusing.

The detectors for each configuration were adjusted in such a way that the emission from each channel was unique to a specific wavelength range. In addition, as a control measure, samples labelled with one fluorescent probe, such as Cy3, were illuminated with the FITC configuration, and then with the Cy5 configuration separately, to establish that potential cross talk was minimized (see supplemental). In addition, controls showed that there was little non-specific binding of secondary antibodies (see supplemental).

The pixel dwell time was set to 3.15 μs (μs) with an average of 2 line scans, and the pinhole was set to 1 airy-unit (AU). A Zoom factor of 14 was used to achieve a pixel size of approximately 20 nm. Each image comprised a square of 512 × 512 pixels, resulting in a 10 × 10 micron image for image correlation spectroscopy analysis. For each experiment, 25--40 images were obtained; each image recorded from a different cell in the sample.

2.4. Image J & ICS software for ICS family analysis {#sec2.4}
---------------------------------------------------

In this study, the image correlation toolkit in ImageJ software was utilized and the following pieces of information from images were obtained: the normalized auto and cross correlation function amplitudes, the average image intensity, and the laser beam radius in microns. Regions of interest were selected to 256 × 256 of the 512 × 512 image to avoid dark regions of the image where there is no cell. Cross correlation of images from two channels from two *different* cells to determine the cross-correlation amplitude that can arise from uncorrelated fluctuations. This represents a lower limit for the significance of cross correlation amplitude arising from two channels from the *same* cell.

For TRICCS measurements, images were analyzed using image correlation spectroscopy software written by Dr. Max Anikovsky (manuscript in preparation). Parameters for the range of data points, triple cross correlation amplitude, laser beam radius, and correlation value at infinite limits were estimated to obtain the auto, cross, and triple correlation functions amplitudes, and intensities for single, double, and triple color images, in various combinations.

3. Materials {#sec3}
============

C2C12 and A549 cells were obtained from American Type Culture Collection™. Dulbecco\'s modified eagle medium (DMEM), fetal bovine serum (FBS), and 0.25% Trypsin-EDTA were obtained from Invitrogen Life Technologies™.

PFA was obtained from EMD®.

Primary antibodies specific for Rab5 and LAMP-1 were obtained from Abcam®. Primary antibodies specific for Rab7 were obtained from Cell Signaling Technology®. All primary antibodies used were monoclonal. Secondary antibodies for Rab7, and LAMP-1 were obtained from Cell Signaling Technology®. Secondary antibody specific for Rab5 was obtained from Abcam®.

4. Theory {#sec4}
=========

Image correlation spectroscopy (ICS) is a quantitative method used to analyze the fluorescent intensity fluctuations in an image obtained from a laser scanning confocal microscope. This analysis allows one to retrieve: the average intensity of markers, the number of marked endosomes, the number of marked endosomes per square micron, the relative degree of aggregation of markers per endosome, and the extent of co-localization between two or three markers of interest on an endosome.

4.1. Image correlation spectroscopy (ICS) theory {#sec4.1}
------------------------------------------------

Image Correlation Spectroscopy (ICS) is an intensity fluctuation analysis of images obtained using a laser scanning confocal microscope in which relative fluctuations in intensity, $\delta_{n}i\left( x,y \right)$, are used to calculate a normalized auto correlation function, $g\left( \alpha,\beta \right)$ where $\alpha$ and $\beta$ are lag distances in the images [@bib42].

In the limit as α and β approach zero, the amplitude of the normalized auto correlation function, denoted by $g\left( 0,0 \right)$, becomes the variance of the intensity fluctuations [@bib43];$$g\left( 0,0 \right) = var\left( {\delta_{n}i\left( {x,y} \right)} \right)$$

Whenever the intensity is proportional to the concentration of fluorescent probes (here fluorescent markers), the variance can be shown to be the inverse of the average number of fluorescent markers or clusters of fluorescent markers -- here the marked endosomes, $N_{E}$ - in the observation region;$$g\left( 0,0 \right) = var\left( {\delta_{n}i\left( {x,y} \right)} \right) = \ \frac{1}{\left\langle N_{E} \right\rangle}$$

The cross-sectional area of the observation volume is given by $\pi\omega^{2}$ , where ω is the $e^{- 2}$ beam radius. Thus, we define the average number of marked endosomes per square micron, the Endosome Density (ED), as:$$ED = \ \frac{1}{g\left( 0,0 \right)\pi\omega^{2}} = \ \frac{\left\langle N_{E} \right\rangle}{\pi\omega^{2}}$$

The average intensity is proportional to the number of fluorescent markers, $\left\langle i{\left( x,y \right)\rangle}\  = c\left\langle N_{M} \right\rangle \right.$, where $\text{c}$ is a proportionality constant reflecting spectroscopic and optical parameters such as emission collection efficiency, quantum yields, and molar adsorption coefficients [@bib42]. We define the degree of aggregation$\ DA$, as:$$DA = \left\langle i{\left( {x,y} \right)\rangle}g\left( 0,0 \right) = \ c\frac{\left\langle N_{M} \right\rangle}{\left\langle N_{E} \right\rangle} \right.$$

This is an estimate of the average number of fluorescent markers per endosome.

### 4.1.1. Image cross correlation spectroscopy (ICCS) theory {#sec4.1.1}

Image cross correlation spectroscopy (ICCS) is an extension of ICS that enables the analysis of images collected from two markers labelled with two different colors, say green (g) and red (r) [@bib44].

Using ICCS we calculate the auto correlation amplitudes, $g_{g}\left( 0,0 \right)$ and$\ g_{r}\left( 0,0 \right)$, and the cross-correlation amplitude$\ g_{gr}\left( 0,0 \right)$. The average number of endosomes that contain both green and red markers, $N_{gr},$ can be estimated from the cross correlation and individual auto correlation amplitudes:$$\left\langle N_{gr} \right\rangle\  = \ \frac{g_{gr}\left( 0,0 \right)}{g_{g}\left( 0,0 \right)g_{r}\left( 0,0 \right)}$$

The extent of co-localization can be represented as fractions of endosomes with one marker that also contain the other:$$F\left( {g\text{|}r} \right) = \frac{\left\langle N_{gr} \right\rangle}{\left\langle N_{g} \right\rangle} = \frac{g_{gr}\left( 0,0 \right)}{g_{r}\left( 0,0 \right)}$$$$F\left( {r\text{|}g} \right) = \frac{\left\langle N_{gr} \right\rangle}{\left\langle N_{r} \right\rangle} = \frac{g_{gr}\left( 0,0 \right)}{g_{g}\left( 0,0 \right)}$$

[Eq. (6)](#fd6){ref-type="disp-formula"} defines the fraction of endosomes containing green markers that also have red markers. Correspondingly, [Eq. (7)](#fd7){ref-type="disp-formula"} defines the fraction of endosomes containing red markers that also have green markers.

### 4.1.2. Triple image cross correlation spectroscopy (TRICCS) {#sec4.1.2}

Triple Image Cross Correlation Spectroscopy (TRICCS) is a further extension of ICCS that enables the analysis of images of three colored markers to estimate the extent of co-localization of all three species, green (g), red (r), and blue (b).

The average number of endosomes that contain green, red, and blue markers, $N_{grb},$ can be estimated from the triple cross correlation amplitude and the individual auto correlation amplitudes [@bib36]:$$\left\langle N_{grb} \right\rangle\  = \ \frac{g_{grb}\left( 0,0,0,0 \right)}{g_{g}\left( 0,0 \right)g_{r}\left( 0,0 \right)g_{b}\left( 0,0 \right)}$$

The fraction of endosomes containing one marker that contain both of the other markers are:$$F\left( {g\text{|}rb} \right) = \frac{\left\langle N_{grb} \right\rangle}{\left\langle N_{g} \right\rangle} = \frac{g_{grb}\left( 0,0,0,0 \right)}{g_{r}\left( 0,0 \right)g_{b}\left( 0,0 \right)}$$$$F\left( {r\text{|}gb} \right) = \frac{\left\langle N_{grb} \right\rangle}{\left\langle N_{r} \right\rangle} = \frac{g_{grb}\left( 0,0,0,0 \right)}{g_{g}\left( 0,0 \right)g_{b}\left( 0,0 \right)}$$$$F\left( {b\text{|}rg} \right) = \frac{\left\langle N_{grb} \right\rangle}{\left\langle N_{b} \right\rangle} = \frac{g_{grb}\left( 0,0,0,0 \right)}{g_{r}\left( 0,0 \right)g_{g}\left( 0,0 \right)}$$

As an example, [Eq. (9)](#fd9){ref-type="disp-formula"} defines the fraction of endosomes that contain green markers that also contain both red and blue markers.

5. Results {#sec5}
==========

5.1. Distribution of markers and endosome size is cell type specific {#sec5.1}
--------------------------------------------------------------------

We examined endosome markers on singly labeled cells to understand their distribution using imaging and ICS analysis. We observed the average intensity and the amplitude of the correlation functions were both orders of magnitude greater than for the control samples for which either the primary or the secondary antibody was omitted in the labelling steps. Thus, the measurement of the intensity of markers in the observation area is specific and well above background intensity.

[Fig. 1](#fig1){ref-type="fig"} shows contrast enhanced fluorescence microscopy images of three different C2C12 cells. Each cell was labelled individually with antibodies for Rab5, Rab7, or LAMP-1. Approximately 40 images (from 40 different cells) were obtained for each of the three single label experiments.Fig. 1Rab5, Rab7, and LAMP-1 Marked Endosomes in C2C12 cells.Fig. 1

The images [Fig. 1](#fig1){ref-type="fig"} show that the bright regions of Rab7 and LAMP-1 appear larger than those of Rab5. It is important to note that the quality of the images is determined by the resolution of the microscope and by the contrast of the objects. These objects are small and do not appear to have sharp edges. Therefore, they may appear blurry but that is the nature of the objects. In addition, these images are obtained at a high resolution so most of the objects are on the micron scale. Finally, the images are oversampled so that they can be used for image correlation analysis which makes them appear blurry.

[Fig. 2](#fig2){ref-type="fig"} shows contrast enhanced fluorescence microscopy images of three different A549 cells. Each cell was labelled individually with antibodies for Rab5, Rab7, and LAMP-1. Approximately 30 images were obtained for each of the three single label experiments.Fig. 2Rab5, Rab7, and LAMP-1 Marked Endosomes in A549 cells.Fig. 2

The images shown in [Fig. 2](#fig2){ref-type="fig"} show that each marked endosome appears to be similarly distributed over the entire image.

[Table 1](#tbl1){ref-type="table"} shows the averages of the fitted laser beam width, ω ($\left. \mu m \right),$ and average number of clusters (endosomes), $N_{E},$ per unit area for C2C12 and A549 cells. These parameters were obtained by ICS analysis and averaged over the number of images indicated for each.Table 1Summary of averaged ICS parameters for cells labelled for marked endosomes in C2C12 and A549 cells.Table 1MarkerC2C12A549$\mathbf{n}_{\mathbf{images}}$$\left\langle \mathbf{\omega}\ {\left( \mathbf{\mu}\mathbf{m} \right)\rangle} \right.$$\left\langle \mathbf{N}_{\mathbf{E}} \right\rangle$$\mathbf{n}_{\mathbf{images}}$$\left\langle \mathbf{\omega}\ \left( \mathbf{\mu}\mathbf{m} \right) \right\rangle$$\left\langle \mathbf{N}_{\mathbf{E}} \right\rangle$Rab-5380.32 ± 0.01[1](#tbl1fn1){ref-type="table-fn"}5.7 ± 0.4310.31 ± 0.014.8 ± 0.6Rab-7370.48 ± 0.064.2 ± 0.4260.43 ± 0.061.9 ± 0.2LAMP-1-488350.47 ± 0.012.2 ± 0.1300.28 ± 0.014.9 ± 0.4LAMP-1-561410.50 ± 0.012.9 ± 0.2320.36 ± 0.012.2 ± 0.2LAMP-1-633410.51 ± 0.012.6 ± 0.1260.33 ± 0.0111 ± 1[^1]

The average number of endosomes per unit area ranges from 2-6, consistent with a highly clustered pattern of fluorescence. There does not appear to be a consistent pattern of densities between the different markers or the two cell types.

The average width of the correlation function is slightly larger for the Rab7 and LAMP-1 in C2C12 cells but is smaller and more variable in A549 cells. Theoretically, we expect the laser beam width to range from 0.17 to 0.22 $\mu$m for the 488, 561, and 633 nm lasers with the optics used in these experiments. In all cases, the beam widths presented in [Table 1](#tbl1){ref-type="table"}, which refer to the widths of the correlation functions, are larger than the expected beam widths. This suggests that there may be a convolution effect between finite sized endosomes and the laser beam. We can model this convolution (see supplemental) and use it to estimate the actual endosome sizes as shown in [Table 2](#tbl2){ref-type="table"}.Table 2Measured beam width and object radius in C2C12 and A549 Cells.Table 2MarkerC2C12A549$\left\langle \mathbf{\omega}\ \left( \mathbf{\mu}\mathbf{m} \right) \right\rangle$$\left\langle \mathbf{r}\ \left( \mathbf{\mu}\mathbf{m} \right) \right\rangle$$\left\langle \mathbf{\omega}\ \left( \mathbf{\mu}\mathbf{m} \right) \right\rangle$$\left\langle \mathbf{r}\ \left( \mathbf{\mu}\mathbf{m} \right) \right\rangle$Rab-50.320.340.310.31Rab-70.480.620.430.52LAMP-10.490.640.330.42

These values compare well with other work, in which the endocytic vesicles have been determined to range in size from 0.2-0.6 $\mu$m using confocal and electron microscopy \[[@bib45], [@bib46]\].

Because the intensity of fluorescence emitted from a sample labelled with only secondary antibodies should correspond to non-specific binding of individual secondary antibodies, we measured the number of individual antibodies per cluster (see supplemental) using the intensities and amplitudes of the autocorrelation functions corresponding to samples labeled with only secondary antibodies \[[@bib47], [@bib48]\]. We estimated that there are approximately 1000 Rab5 and Rab7 antibodies per endosome in C2C12 cells and approximately 500 Rab5 and Rab7 antibodies per endosome in A549 cells. We did not get reliable estimates for the number of LAMP-1 antibodies because the non-specific binding of that secondary antibody was too low.

5.2. Endosomal markers are not unique to one compartment {#sec5.2}
--------------------------------------------------------

[Fig. 3](#fig3){ref-type="fig"} shows contrast enhanced images of antibodies to Rab5 (Rab5-561, in red) and antibodies to Rab7 (Rab7-633, in green) in the same cell. The Merge image is an overlay of the Rab5-561 and Rab7-633 contrast enhanced images.Fig. 3Rab5-561 & Rab7-633 marked endosomes in C2C12 cells.Fig. 3

In [Fig. 3](#fig3){ref-type="fig"}, several yellow and orange regions are observed in the Merge image, implying that there is some degree of co-localization of Rab5-561 and Rab7-633 markers.

[Table 3](#tbl3){ref-type="table"} shows the average number of clusters containing Rab5, Rab7, and both, as well as the fractions as defined by Eqs. [(6)](#fd6){ref-type="disp-formula"} and [(7)](#fd7){ref-type="disp-formula"} obtained by ICCS analysis from measurements on 30--40 cells.Table 3Average number of endosomes containing markers and fractions of Co-Localization of Rab5 & Rab7 markers in C2C12 cells.Table 3Marker$\left\langle \mathbf{N}_{\mathbf{E}} \right\rangle$$\left\langle \mathbf{F}\left( {\mathbf{Rab}5\text{|}\mathbf{Rab}7} \right) \right\rangle$$\left\langle \mathbf{F}\left( {\mathbf{Rab}7\text{|}\mathbf{Rab}5} \right) \right\rangle$Rab5-5615.4 ± 0.5[1](#tbltbl3fn1){ref-type="table-fn"}Rab7-6335.5 ± 0.9Rab5-561 & Rab7-6332.2 ± 0.30.46 ± 0.050.53 ± 0.06[^2]

The average number of endosomes containing Rab5 or Rab7 are observed to be just over twice the number of endosomes that contain both Rab5 and Rab7 markers, suggesting that there are a significant number of endosomes that contain both markers. The average fractions of co-localization represented in [Table 3](#tbl3){ref-type="table"} are calculated as an average of 30--40 individual fractions (as compared to a fraction of the averages) and reflect that on average approximately 46% of the endosomes that contain Rab5-561 markers also contain Rab7-633 markers and approximately 53% of the endosomes containing Rab7-633 markers also contain Rab5-561 markers. The observation that about half of the endosomes contain both markers show that these markers are not unique to a specific endosome type since they can coexist on the same endosomes. While this was suggested by the images, the more quantitative ICCS approaches gives better insight into the extent of co-existence.

[Fig. 4](#fig4){ref-type="fig"} shows examples of three merged images of C2C12 cells doubly labelled for Rab5-561 and Rab7-633; Rab5-561 and LAMP-1-633; and Rab7-633 and LAMP-1-561 markers.Fig. 4Images of pairwise interaction of endocytic markers in C2C12 cells.Fig. 4

The images in [Fig. 4](#fig4){ref-type="fig"} show various degrees of yellow and orange indicating some degree of co-localization of all pairs of markers. For example, there are a significant number of yellow regions in the image corresponding to Rab7 and LAMP-1.

[Table 4](#tbl4){ref-type="table"} summarizes the calculated average values of fractions of co-localization for each pairwise interaction studied in C2C12 cells (including the data from [Table 3](#tbl3){ref-type="table"}).Table 4Summary of fractions of co-localization in C2C12 cells.Table 4$\left\langle F \right\rangle$Rab5Rab7LAMP-1Rab5--0.46 ± 0.05[1](#tbl4fn1){ref-type="table-fn"}0.32 ± 0.05Rab70.53 ± 0.06--0.74 ± 0.04LAMP-10.31 ± 0.040.86 ± 0.03--[^3]

The results presented in [Table 4](#tbl4){ref-type="table"} show that there is some co-localization of all the endosome and lysosome markers, but to different extents. Of those endosomes containing Rab5, 46% also contain Rab7, and 32% also contain LAMP-1. Of those endosomes containing Rab7, 53% also contain Rab5 and 74% also contain LAMP-1. Of those lysosomes that contain LAMP-1, 31% also contain Rab5 and 86% also contain Rab7.

The observation that Rab5 and Rab7 markers co-localize is consistent with the early endosomes maturing into the late endosomes; it may take some time before the Rab5 is cleared from the endosomes. Those endosomes that contain Rab5 but not Rab7 may then be early endosomes prior to maturation while those that contain Rab7 but not Rab5 may be even later stage endosomes from which the Rab5 has been cleared.

The observation that Rab7 and LAMP-1 markers co-localize to between 74% and 86% is consistent with the process of fusion of the late endosome into a lysosome and that the process to clear all the Rab7 from the lysosome is very slow.

The observation that Rab5 and LAMP-1 markers co-localize to a significant extent is surprising and suggests that the Rab5 is not cleared completely from the late endosome before it fuses with the lysosome. This observation coupled with the nearly complete co-localization of Rab7 and LAMP-1, further suggests that there must be endosomes which contain all three markers simultaneously. To test this, we performed triple labeling experiments and analyzed these using triple cross-correlation spectroscopy (*vide infra*).

[Table 5](#tbl5){ref-type="table"} summarizes the calculated averaged fractions of co-localization for each pairwise interaction in A549 cells.Table 5Summary of fractions of co-localization in A549 cells.Table 5$\left\langle F \right\rangle$Rab5Rab7LAMP-1Rab5--0.50 ± 0.03[1](#tbl5fn1){ref-type="table-fn"}0.82 ± 0.04Rab70.39 ± 0.03--0.26 ± 0.06LAMP-10.80 ± 0.050.37 ± 0.06--[^4]

[Table 5](#tbl5){ref-type="table"} shows once again that there is a significant co-localization of all the endosome and lysosome markers, but the extent of co-localization is different in the A549 cells when compared to C2C12 cells. In the A549 cells, the co-localization between Rab5 and LAMP-1 is much higher (about 80%) and the co-localization between Rab7 and LAMP-1 is much smaller (about 25--35%). This suggests that in these cells some of the early endosomes that contain only Rab5 may fuse directly with the lysosomes prior to the maturation process that form the late endosomes. This is different from the observations for C2C12 cells which may reflect the difference in the way these cell types process internalized materials. We note that the A549 cell is derived from pulmonary type II cells which have the function of recycling lipids from the pulmonary air-water interface and forming lamellar bodies that are exported \[[@bib49], [@bib50]\]. Therefore, there is an important recycling function in addition to a degradation function in these cells. This could mean that more of the late endosomes are converted to recycling endosomes rather than fusing with lysosomes in the A549 cells.

[Fig. 5](#fig5){ref-type="fig"} shows contrast enhanced images of C2C12 and A549 cells each labelled with antibodies against Rab5-561 (red), Rab7-633 (blue), and LAMP-1-488 (green).Fig. 5Rab5, Rab7, and LAMP-1 marked endosomes in C2C12 & A549 cells.Fig. 5

It is evident from the appearance of yellow-orange regions and turquoise regions that there is some co-localization of these markers. Perfect co-localization of all three markers should lead to white regions, which are hard to observe in either image.

[Table 6](#tbl6){ref-type="table"} summarizes the fractions of three-way co-localization as calculated from Eqs. [(9)](#fd9){ref-type="disp-formula"}, [(10)](#fd10){ref-type="disp-formula"}, and [(11)](#fd11){ref-type="disp-formula"} using TRICCS.Table 6Extent of association of one marker with two markers of endosomes in C2C12 and A549 cells.Table 6$\left\langle \mathbf{F}\left( {\mathbf{Marker}\text{|}\mathbf{Two}\ \mathbf{Markers}} \right) \right\rangle$C2C12A549$\left\langle F\left( Rab5 \middle| Rab7\text{~\!}LAMP - 1 \right) \right\rangle$0.56 $\pm$ 0.06[1](#tbltbl4fn1){ref-type="table-fn"}0.16 $\pm$ 0.05$\left\langle F\left( Rab7 \middle| Rab5\text{~\!}LAMP - 1 \right) \right\rangle$0.42 $\pm$ 0.060.11 $\pm$ 0.03$\left\langle F\left( LAMP - 1 \middle| Rab5\text{~\!}Rab7 \right) \right\rangle$0.28 $\pm$ 0.050.08 $\pm$ 0.03[^5]

These data show that the extent of three-way co-localization is much greater in C2C12 cells than in A549 cells. Among those endosomes containing Rab5, about 56% also contain both Rab7 and LAMP-1 in C2C12 cells compared to about 16% in A549 cells. Likewise, among those endosomes containing Rab7, about 42% also contain both Rab5 and LAMP-1 compared to about 11% in A549 cells. Finally, among those lysosomes that contain LAMP-1, about 18% also contain both Rab5 and Rab7 compared to about 8% in A549 cells. It should be noted that the extent of three-way co-localization observed in the A549 cells is close to the limit of reliable detection and there may not be much, if any, co-localization when the number is less than about 10%. Nevertheless, these experiments confirm that in C2C12 cells there is a significant number of endosomes or lysosomes that contain all three markers, while in A549 cells there are only a few that may contain all three markers. This is consistent with the notion that in A549 cells many of the late endosomes are diverted to recycling endosomes rather than lysosomes and that the early lysosomes can fuse directly with the lysosomes.

6. Discussion {#sec6}
=============

The quantitative analysis of the distribution and extent of clustering of the antibodies against the intracellular proteins Rab5, Rab7, and LAMP-1 reveal that they are highly clustered (on the order of 500--1000 antibodies per cluster), that these clusters are large (0.2--0.6$\ \mu$m), and that they are distributed evenly intracellularly. These observations are consistent with each of these proteins being associated with organelles such as the endosomes and the lysosomes \[[@bib51], [@bib52], [@bib53]\].

It is clear from the data presented here that the markers purported to represent early endosomes (Rab5), late endosomes (Rab7) and lysosomes (LAMP-1) are not as specific as previously reported with at least 30% and up to 80% co-localization of some of these markers on the same endosomes or lysosomes. This is not surprising if the maturation model is correct, since it is reasonable to expect that during a maturation process where Rab5 proteins are being cleared and Rab7 proteins are emerging, there will be a period when both proteins can co-exist in the same endosomes [@bib54]. Likewise, if there is fusion of late endosomes with lysosomes, there may well be a period before the Rab7 proteins are fully cleared from the lysosomes after the fusion event. Out findings are therefore consistent with a maturation-fusion process.

With live cell imaging, Rink et al and Poteryaev et al. both successfully showed that Rab5 is replaced with Rab7 during endocytosis \[[@bib26], [@bib27]\]. In both works, images of cells were co-expressed with Rab5 and Rab7 fluorescent proteins and were imaged over time. In both studies, an increase of Rab7 fluorescent signal with a simultaneous decrease of Rab5 fluorescent signal was observed. Thus, these findings suggest a substitution of Rab5 by Rab7, but also *show* evidence for a point in time in which there is some degree of co-localization of the two markers on some endosomes. The work presented in this manuscript supports the notion that Rab5 is replaced with Rab7, and has quantified the extent of the coexistence of the two proteins. Our findings suggest that these markers are not as *unique* to a single compartment as commonly thought.

The observation that a significant amount of Rab5 is co-localized with LAMP-1 suggests that the maturation and fusion processes are less linear than the model might imply. In other words, it is possible that fusion of endosomes with lysosomes can occur well before the maturation process from early to late endosomes is complete. This is even more pronounced in the A549 cells, where there appears to be more lysosomes that contain Rab5 than contain Rab7, suggesting that the fusion process can precede the maturation process in these cells and supporting the notion that the late endosomes are targeted more to become recycling endosomes.

That the complete maturation from early to late endosomes is not a prerequisite for fusion is further supported by the evidence that all three proteins can co-exist to a significant extent, at least in the C2C12 cells. The smaller extent of three-way co-localization in A459 cells coupled with the higher degree of co-localization of Rab5 and LAMP-1 than Rab7 and LAMP-1 may indicate that there is a higher probability for early endosomes to fuse with lysosomes in these cells. Whether this is related to their function as cells that recycle liposome materials in the lung remains to be investigated \[[@bib55], [@bib56]\].

The application of triple cross correlation spectroscopy allowed us to study the extent of Rab5, Rab7, and LAMP-1 in three-way fashion, which to the best of our knowledge has not previously been attempted. As a result, we learned Rab5, Rab7, and LAMP-1 can co-exist in the same intracellular organelles and that the extent to which they associate can vary significantly between different cell types.

Since the three proteins (Rab5, Rab7, and LAMP-1) can co-exist in the same intracellular organelles, it may be prudent to reevaluate their use as specific markers for specific endosomal or lysosomal entities. Moreover, if completion of the maturation process from early to late endosomes is not required for their fusion with the lysosomes, the linearity of the maturation-fusion model is in question.

We note that in this study we are not directly studying the dynamics of the endocytosis process but rather focus on the steady state distribution of the classical markers for components of the endocytosis pathway. Our conclusions are therefore limited to an understanding of their distribution in normally growing cells that have been fixed at an arbitrary point of time in the cell cycle.
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